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{. INTRODUCTION

The {-1wbal Positioning System (GPS) navigation program is divided
irto two developmeni phases that employ 4- and 9-satellite configurations,
respectiveiy. The opcrational GPS (Phase III) configuration consists of 24
satellites. In each of these configurations the navigation signals are gen-
erated and transmitte i by the satellites. The reception of four navigatien
signals from different satellites enables the system user to almost instan-
taneously calculate his position and velocity in three dimensions. The user
may also navigate by using three or two satellites if an accurate altimeter
and/or clock is available to him.

The most significant performance parameter of the GPS is the
degree of navigation accuracy which can be obtained by the aser. The abil-
ity to navigate ard the attuinable navigation accuracy is intimately coupled
with the choice of orbit configuration.

It is the purpose of this report to identify and evaluate some of the
factors affecting the GPS navigat.on performance for ezch of the develop-
ment phases and system design issues reiated to the orbital geometry. This
report addresses the user visibility, ground station visibility, satellite-
induced Doppler, geometric dilution of precision (GDQP), selection of satel-
lites for optimum navigation conditions, and satellite eclipses. The report
establishes the levels of nominal geometric performance which can be

achieved.
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2. CONSTRAINTS AND CONDITIONS FOR
REAL-TIME NAVIGATION
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2.1 FACTORS AFFECTING PERFORMANCE

,ﬂ
Engfts gy
LT

The GPS sateliite navigation system enables the system user to

L .qﬂ‘ vy B

b ;Q navigate in near real time by calculation of position and velocity based upon

pseudorange and pseudorane- -ate neasurements from each of four satel-

i 330t

Z lites in view.
3 : To determine position and velocity, the user cross-correlates the
3 pseudorandom phase-shift-keyed {PSK) codes generated in the receiver with
the codes of the navigation signals emitted by the satellites. The use1 mea-
sures the relative phases between the local codes and a reierence <ode
driven by the receiver frequency reference, and establishes an apparent
range called a pseudorange. Since the user frequency reference is not
synchronized o satellite time, the measurements are pseudoranges. They
are offset from the true geometrical rarges by the receiver oscillator bias
(which is cormmon to all four pseudoranges). At the same *‘ime, the user
is also measuring range rate in each channel which is obtained by extracting
the Dcppler from the signal carriers. Disregarding signal pronpagation
delays and other effects, these range measurements are accurate to the
extent the satellite and user clocks (or oscillators) are synchronized,

If the user clock is perfectly synchronized with the satellite clocks
(and thcy in turn are synchronized with each other) and provided the posi-
tions of the satellites are known, the user will need to obtain only three
range measurements to different satellites in order to calculate position.
The user position is simply the intersection of the three spheres centered
at the satellites having the radii of the range measuremecnts. However, the
user clocks are not normaliy synchronized witr the satellite clocks and the
user needs a minimum of four independent pscudorange measurements ‘o
different satellites to permit calculation of his nosition. This cau be dane

in two ways- (1) four simultaneous and independ:s...t range measurements

Preceding page hlank
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provide three range differences which can be used to calculate the intersection

of three hyperboloids of revolution which define the user position vecto.'; or
(2) four indepeudent pseudorange measurements can be used to calculate the
user position and the determination of system time (i.e., the three-
dimensional position vector and the oscillator time bias) by the simulta-
neous solution of four equations.

Irrespect.ve of the algorithm, the general navigation user who is
equipped with a ranging receiver and computer requires (as a minimumj the

following information to enable him to nearly instantaneously compute his

position:
a. Satellite ephemerides
b. Apparent satellite clock phase with respect to system time,
including electronic group delay ecffects
c. Ionospheric and tropospheric group delays, measured or

modeled.
In addition, the following conditions must exist:
a. A minimum of four satellites must be simultaneously visible

to the dynamic user who is not equipped with external aids

b. The satellites' positions relative to the user must provide
a geometry (GDOP) which results in good navigation accuracy

c. An adequate satellite RF signal strength and quality must be
available to the user to permit navigation signal acquisition
and user-satellite range measurements.

Depending upon the time required for signal acguisition, it becomes impor-
tant to know how long signal lock can be maintained using the same satel-
lites before the orbital geornetry {and navigation accuracy) deteriorates and

the extent of this deterioration.

2.2 NAVIGATION ACCURACTY AND GEOMETRIC
DILUTION OF PRECISION

Navigation accuracy is here defined to be the estimated statistics
of the error magnitudes in the user position vector, wherc the estimate of

these errors contains the correlated dependence between the error sources

ey
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(e.g., satellite tracking, ionospheric delays. equipment group delay,
multipath, and receiver noise) projected through the user satcllite geometry.

The degree to which the pseudoranging errors contritute to naviga-
tion accuracy is thus magnified or diluted by the user-satellite geometry.
This dilution of range measurement precision is expressed by the perform-
ance index, GDOP, which is the ratio of the position error statistics to the
pseudoranging errcr standard deviation under the stipulation that all satellite
ranging measurement errors are expressed as uncorrelated errors with
equal standard deviations Thus, GDOP depexnds only on the geometry
defined by thr relative position of the satellites 2nd the user at the time of
the measurements, and is in no way dependent on the magnitude of the
pseudoranging errors.

The GDOP is the most important parameter for the selection of
orbit elements and the definition of consteilations. The mathematical defini-

tion of GDOP used here is defined in Appendix A.
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3. GILCAAL POSITIONING SYSTEM DESCRIPTION

The major segments of the GPS are: (1) the ontrc: ivstem,
(2) the space system., and (3) the user system. These seg.nents, anu <
variou~ RF links required for system cperations and theis 1 . »s, are

defined in Reference | a..d depicted i Figair~ 1,

3.1 CONTROL sYSTEM SEGMENT

"3 ronticd systern, as currentlv ¢ sistoned for the various phases
of the GPS, consists of 2 master contral st ition (MTS) wna several moritor
stations (M&), and - ne or more uplead *z.ior., (JL). "™e LIS nrovides
for the data processing and computation (o .ad to su..ort % L avigation
and tracking functions based npon the L-band mea. rement: ¢ tained by
the reenitor stations. The upload station(s) provides each satellite with
the navigation data required by the user. The data for satellite nemory up-
date are transritted by the upload station at S-band frequencies. The navi-
gation pseudorandom ncise (PRN) signals are trancv-itted by cach satellite
using two carrier frequencies in L-band (Li and La). The monitor stations
obtain nne-way ranges to individual satellices from the received L-band
signals by correlating generated ver<us received PRMN ranging cudes using
the monitor station clock as t‘me reference. These rneasurements provide
the bzcic inprt to the generation of the satellite ephumerides and the determi-
nation of satellite clock biases; thev alao enable the transfer rf the MCS
master time to the monitor stations.

The dua! frequency one~way range measurements (L1 and LZ) at
the monitor stations aieu serve as the pritiary updating in, o to the spatial
and temporal atmospheric group delay prediction model. The cocfiicients
of this model, together with the satellite ephemmeris, clock, and other data
required for navigation, define the satellite state vector. This vector is
provided to the satellite via the S-band navigation confrol uplink, is stored
in the satellite memory, and then superimposed upon the lL.-band PRN

ranging code for the navigator's use.

Preceding page blank
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3.2 SPACE SYSTEM SEGMENT

The space system baseline consists of several satellites in 12-hour
circular orbits. Each satellite carries a payload consisting of an S-band
receiver, a processor-memory unit, PRN sequence generators, a data
medulator, L-band transmitters, and appropriate zntenna systems. The
satellite L-band antennas are directed towards earth center at all times
and provide adequate RF power for all users. The PRN navigation signals
at Ly and L, frequencies are generated in the satellites using a very stable
atomic clock as frequency reference. The auxiliary navigation signal at L,
in synchronized with the primary signal at L1 and transmitted for the pur-
pose of instantaneous assessment of the local signal propagation group delay

by appropriately-equipped users.

3.3 USER SYSTEM SEGMENT

The user system consists of various classes of military and civilian
users. The satellite L~band navigation signals are used to establish posi-
tion and velocity in three dimensions for a wide range of user applications
and dynamic conditions. The user is equipped with an omnidirectional an-
tenna, a correlation receiver, a computer, and any auxiliary displays re-
quired to perform his mission.

As described earlier, the user obtains pseudorange and pseudorange-
rate measurements from selected satellites in view, and extracts the naviga-
tion data superimposed upon the navigation signals. This information is
provided to the user's computer. The computer processes the data and cal-
culates the position and velocity vector information it any chosen coordinate

system and may calculate system time if required.
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4., GPS PHASE III GEOMETRIC PERFORMANCE

4.1 SATELLITE DEPLOYMENT

The baseline GPS orbit configuration consists of 24 satellites
depioyed in circular 63-deg inclined, subsynchronous, 12-hour orbits.
Eight satellites are uniforrnly distributed in each of three orbit planes
whose celestial ascending nodes are separated by 120 deg. The phasing
or staggering of satellites between orbit planes is such as to produce op-
timum navigation gecmetry, Table | defines the nominal orbit parameters,
and Figure 2 indicates Lthe relative position of the satellites in one plane
and shows one of the satellite ground tracks.

A short discussion of the performance of other subsynchronous
consteliations leading to the sclection of the above baseline is included in

Section 4. 3.

4.2 SATELLITE VISIBILITY

One criterion for real-time navigation is that 2 minimum of four
satellites be simultaneously visible to a uger at any time. The percent
probability that a given numbevr ~¢ s2ieili'es is simultaneously visible to
a4 user on a global basis is show: in Figure 3. The users are uniformly
distributed over the surface of the earth and the observations are uniformly
distributed in time. The distribution includes all satellite observations for
all user longitude and latitude positions throughout the orbit period. Because
the users are uniformly distributed, the number at a given latitude decreases
with the cosine of the latitude. It is seen that the number of satellites ob-
served simultaneously is never less than 6 and never greater than 11 for a
5-deg masking {elevation) angle, and nevec less than 4 ncr greater than 9
for a 10-deg anrgle. The percent curaulative distribution indicates that the
probability of observing 9 or more 3atellites is 44,3 and 11.7 percent for

the 5- and {uU-.cueg elevation angles, respectively.
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The percent cumulative probabilits ‘hata given number of satellites

R N

will be observed simultaneously as a functic of user latitude for all user

TF

4 longitude positions is shown in Figure 4. Th. distribution indicates that
satellite vigibility at higher latitudes is beiter 1an at other latitudes, and
that at higher elevation angles the probability « . high number of satellite

Z sightings is reduced at all latitudes. Figure 5 »'..ws the cumulative distribu-
E tion of the user-satellite elevation angles. This sraph shows the p:robability
that at any position and at any arbitrary time the user w  L.serve a given

3 satellite elevation angle or a higher elevation. It iz ol 1<l thata 50 per-
cent chance exists for users to observe satellites above .9 deg.

4.3 GDOP PERFORMANCE

r The useris ability to navigate depends not only on the availability

of four satellites but also on the relative positions between the user and the

; satellites. The GDOP is treated here as a statistical measure in a time-

5 space domain where the users obtain fixes from four satellitvs at uniformly-
‘ distributed surface locations and time intervalgs. These unifcrmly-distributed
fixes furnish the statistical population used for the evaluation «f GDOP, based
f upon the particular set of four satellites which provide the minmi.y um PDOP

7 position error (see Appendix B). The identity of this se! of sate! - ‘tes c..« he
( found from one of the number of combinations of satellites isible ' » the

~: user, taken four at a time. FEach fix is unique in that no othvr sev 7 feur

E satellites results in better navigation accuracy for that particular - .graphic
; position and time. The computational process involves the evaluatio of the

appropriate elements of the covariance matrix (see Appendix A) give ¢

for cach combination of visible satellites (N) taken four at a time; i.e. .

(¥) = ooy

& -18-
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With the number of saiellites visible to the user and the global position-time

; population statistics sampgling just menrtioned, this computation prucess ve-
P comes very lengthy.
i As discussed in Appendix B, the performance index PDOP is
l inversely proportionai to the volurne of the inscribed ‘etrahedron formed
by the four user-to-satell.te unit vectors. Here, the maximum volame
(or minimum PDOP) is established by selecting the highest satellite in
the sky and is found amongst one of the number of combinations of the
remaining satelilites visible to the user, taken three at a time. The PDOFP
? is computed only for the combination having maximum volurae. This selec-
' tion process provides results identical to the previous approach and suggests
a simple algorithm for the selection of satellites in the user computer (sce
' Section 4.4).
The sensitivity of perfcrmance to the number of GPS satellites in

‘ each plane and the orbital inclination is discussed in the following paragraphs.
; . Table 2 shows the position at epcch of the 3 X 7, 3 X 8, and 3 X 9 orbit cor-
stellations. Tt is observed that the orbit phasing and staggering between
planes are symmetric about plane No. 3. These positions provide optimun
geometric performance for these constellations.

Figures 6, 7, and 8 show the cumulative probability distribution of

PDOP for orbit inclinations between 40 and 90 deg at 5- and 10-deg eleva‘ion

R Rk e S

angles, based upon the selection method of maximurn unit vector volume
indicated above. For optimum inclinations at 5-deg elevation angles, there
is hardly any difference in periormance between the 3 X 8 and the 3 X 9 con-

stellations. The addition of three satellites (relative to the 3 X 8) does riot

R R AR T

provide a justifialle increase in performance; however, for the 3 X7 con-

stellation, the addition of three satellites greatly improves performance.

PN

At 5-deg clevation angles, the 3 X 9 constellation has an optimuni inclination
at approximately 55 deg that provides a PDOP performance of 4.3 or lower

‘ for 99.99 percent of time-space. Correspondingly, the 3 X 8 constellation

; provides for the same percentile, a PDOP 0{ 4.4 or lower for all inclinations
between 50 and 65 deg. The global geometric performance of the 3 X 8

constellation is very insensitive to the value of inclination in this region.

!
& -19-
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? Since for GPS Phase I, an inclination of 63 deg has been selected
f to maximize on-orbit payload weight with launches from the Western Test
{ Range, the above insensitivity appears to provide acceptable navigation

, performance for the 3 X 8 constellation at the 63~-deg ‘nclination.

If a 10-deg (rather than 5-deg) elevation mask is considered for the
4 3 X 8 constellation at an inclination of 63 deg, the resultant performance

provides PDOP equal to or less than 4.3 for 99 percent of time-space. The

3 X 8 constellation at 63-deg inclination is, thercfore, chusen for the GPS
baseline.

Figure 9 shows the global cumulative distribu‘ion of PDOP, HDOP,
b VDOP, and TDOP for the GPS, {2-hour, 63-deg inclination, 24-satellite
¢ constellation defined in Table 1. It is observed that TDOP will be below a
factor of 2.2 for 99.99 percen. of time-space, and that for the same prob-
ability, VDOP will be equal to or less than 4.2, Figures 10 through {4 show
how the various GDOPs vary with latitude. Figures 15 through 18 provide
a comparison between PDOP, HDOP, VDNOP, and TDOP at 5- and 10-dzg

masking angles. By removing all satellites between 5 and 10 deg from the
statistical population, the average deterioration of approximately 10 percent
occurs for about 99 percent of time-space; the system will provide inferior

conditions 1 percent of the time on a global scale.

4.4 SATELLITE SELECTION

v

‘ One of the more frequent questions regarding the operational use
' of the GPS pertains to the process of selecting and acquiring the satellite
'. signals. Apart from the signal mechanization processes inherent in the

¥ user receiver, and the data manir ilation and computer algorithms requir.d,
the time to first fix (i.e., the t'.ne consumed before the user obtains in-

formation abcut this pesiticn and velocity) is a significant systerm paraineter.

Since this acquisition process includes four different satellite
e signals, it becomes desirable to find a method to identify the optimum set
5 of four satellites which will provide maximum navigation accuracy for the

longest possible time over a wide geographic area. It rmust be determined

~20-
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how at any time of the day, at some arbitrary location, a user can select
the optimum set of four satellites, and when selected, for how long they

can be used before navigation accuracy deteriorates to an undesirabhle level.
Since the user might be moving at a high speed, it is also of interest to know
something about the geographic areas which can be supported by the same
set of four satellites. The selection process clearly involves some form

of almanac vr computational capability accessible to the uscr. A proposed
method to accomplish this is discussed in the following paragraphs.

The number of combinations in a population of 24 satellites, taken
four at a time, is 10,626. Approximately 310 different combinations provide
the identities of the optimum four satellites on a global scale at any arbi-
trary time. These optimum combinations will change rapidly with time due
to the movement of the satellites and the user; a chauge in time of a few
minutes and/or a change in longitude or latitude of a few degrees may cause
another combinating of gatellites to be vptimum for that time and place. 1t
is with this in mind that a set of 2lgorithms has been developed which might
be used to identify the 2ptimum set of four satellites and to 2ssess the im-
pact on navigation accuracy when the same set is used for some length of
time. (The best set of four used for 2n instantaaeous fix is not the same
as the optimum set whichk can be used advantageousiy sver some length of
time.)

Since the volume of the tetrahedron forrned by the four user-to-
satellite unit vectors is inversely proportioral to PXOP, the instantaneous
rate of change of this voiume provides a clue to the expected conditions in
the future. This prognostic condition, hewever, would not be valid if one
of the sateilites disappeared from view in the meantime. Therefore, the
satellite population providing the optimum set of four includes only those
satellites whose elevation and velocity make them visible to the user during
the projected period of use.

Appendix B describes some details of the algorithms used. Here

it is assumed that ephemerides in the form of the six Keplerian elements

221-
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for all 24 satellites in the 3 X 8 GPS ccnstellation are available in the user

coemputer, because a prior knowledge of crude ;. tellite ephemerides are
required to ¢nter the system in the first plac2. Clearly, some alternate
form of the ephemerides would equaliy suffice. With an estimate of posi-
tion and time and with appropriate subroutines (which represent basic parts
of the algorithms for the navigation determination process itself), the user
can easily compute the satellite position and velocity vectors and hence
determine which satellites are visible. Having identified the highest satel-
lite in the sky and eliminated those which will be below the horizon after a
given time interval, an estimate of the mean geometric unit vector volume

(between now and some future time) can be obtained for all the combinations

available from the satellite population. C.mparing the mean volumes of
these combinaticns, the one having the maximum volume identifies the set

of four satellites to be used and hence the navigation signal codes. Electronic
acquisition of these signals can now begin. It is to be emphasized that the
crude ephemerides identified above are not the same ephemerides that are
provided to the user as part of the navigation data superimposed upon the
L-band downlink navigation signal.

Figure 19 shows, for a given geographic position, how PDOP varies
as a function of time vrhen aa optimum set of tour satellites is selected
every 30 min and signal lock is maintzined for the same period of tirne.
Sometimes the performance increases and at cther times decreases due to
the specific availability of the optimum set of four. For compariscn, the
""best" performance (i.e., the optimum for that inctant in time without
regard for the future) is also plotted. 7The difference is the performance
penalty paid when the user wishes to continue using the same set of four
for the time interval considered. Clearly this penalty increases as the
time interval increases.

F.gurc 20 shows the camulative statistical distribution of PDOP
basced upen navigation fixes obtained tniformly over the time-space domain
on a global scale. The probability of obtaining a given performance or

better is presented as a function of thie time interval the user continues

=22~
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using the optimum set of four satellites. Also presented. for coinparison,

is the best condition (see (Figure 9) resulting frem fixes the user can obtain
for instantansous use without any external aid. It is seen thati the magnitude

of system deterioraticn increases drastically the longer the user reiains

the same set. As an example, at a guaranteed performance level of PDOP <8,

the protability of inferior navigation conditions during the orbit period is
8 percent if the same four optimum satellites are used for one hour.

For ths same conditions, Figure 21 shows the leagth of time the
optimum set of four satellites can be used for a given performance level.
For a reasonable level of PDOP =5, the user has a 99 percent probability
of continued use of the same satellites for 20 min. This time includes the
time for satellite identification and electronic signal acquisition.

Figure 22 shows the magnitude of the global areas where the same
sets of four sateilites provide optimum navigation performance versus the
frequency with which they occur. These areas vary in size from 20,000 to
5,000,000 sq nmi. Areas in the order of 160,000 sq nmi occur more fre-
quently than any other size and account for 16 percent of the total time.
The cumulative distribution indicates 2 50 percent chance of encountering
arecas of 306,000 sq nmi.

Table 2 indicates the specific combination™ of the four ins.anta-
neous optimum satellites as they occir for each longitude and latitude at
{zur instances in time, 7.5 min apart. On an average for the entire globe,
at any arbitrary time of the day, approvimately 310 such combinations
result frorn the selection process described above. The geographic areas
for each of these combinations are secn to change in size and to move with
respact tn time. Adjacent areas have cornbination numbers which wouid

indicate that optimum conditions can be attained when crossing the boundary

% - . . .
A number between | and 10,626 that identifies the specific combination
and particular identities cf the 24 satellites visible at that instant of
time, taken four at a time.

~23-

. B




R R A T At s s e sty M N e e i A R L~

into another area by changirg only one of the four satellites. As an exampole,
3 the following combination aumbers [K] define the satellite identities [1}:
g Combination [K] | Sateliite ldentity[J] Identity Change
2837 2 9 13 20
3 18,11
3 2774 2 9 1t 20 I
20, 1
4 113 1 2 9 11
7 2,10
yi \ 1212 i 9 10 {1
3
f; The need to acquire another satellite signal to maintain optimum
i condtions appears to be a strong function of user speed, present position,
, and heading. This "handover problem'' should be a subject of later
7 investigation.
3 4.5 DUPPLER
_ The instantaneous satellite fixes required by the user for computaticn
' of position and velocity require knowledge of the apparent velocity of the

satellite. in the process of signal acquisition, the uncertainty of the carrier

frequency shift attribu.able to the satellite range rate or Doppler must be

much leegs than the signal bandwidth of the receiver.

Here Doppler is defined as that component of the sateilite velocity
vector which lies along the line of sight between the user and thie satellite.
The Doppler rate is the rate of change of this velocity componernt. Figure 23

shows the maximum Doppler contributed by the satellites and ohserved by

users located at the indicated longitudes and latitudes. Thes~ values are

symmetric in northern and southern latitudes and are thc absolute maxima

, occurring sometime during the orbit period, assuming all the satellites to
7 be above a 5-deg elevation angle. The largest value of Doppler is approxi-
g9 mately 22705 fps and the largest value of Doppler rate is approximately
£0.514 fps/sec. At the center frequency of 1575 MHz this correspoends to
4.25 kHz and 0.81 Hz/sec, respectively.

)
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4.6 SOLAR ECLIPSES

Satellite operation duiing solar eclipses is a major consideration
in satellite design. In particular, the duration and frequency of eclipces
impose design constraints which not only affect the design of the satellite
electrical system, but other subsystems as well.

Figure 24 shows the dates of solar eclipses inr satellites deployed
in any orbit plane whose right ascension () varies between 0 and 360 deg.
The longest periods of daily eclipsing last for 45 days for satellites in the
plane whose Q@ = 0 deg, and occur at the equinoxes. The shortest periods
last 28 days wnen the orbit plane is located at @ = 186 deg. This diffevence
is due to the different inertial orientation of the orbit planes coupled with the
change of the sun declination at these times.

For all conditions, due to the zero eccentric orbits, the maximum
duration of all eclipses will last slightly less than 55 min, conser.atively
based upon the assumption of a cylindrical shadow rather than the conic umbra.
For satellites in the same orbit piane, none will b2 eclipsed sirnultaneously,
but rather each satellite will be eclipsed 1.5 hours apart.

The relative inertial separation be‘ween orbit planes for this con-
figuration is 120 deg. If it is assumed that the three orbit planes are loca-
ted at©? = 110, 230, and 350 deg, the two eclipse seasons will occur six
mionths apart and will last for approximately 30 days for orbit planes { and
2 and fcr 42 days for plane 3. For the sateliites in the different orbit planes,
none of them will be eclipsed siinultaneously and six periods are completely
clear of eclipses. The longest such noneclipse period lasts 50 days from
day 136 to 186 (May-June).
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Figure 16.

GPS Phase I1i -- 3 X 8 Global Performance at 5-
and 10-deg Elevation Angles, HDOP

-42-




= AT UL AL GV SRR L L XN RS R X R . e 20

FEEN

W

—r—r

PROBABILITY, percent

o SIILbininEk.

99. 99
| ! l ' I
9.9 —
99 - —= j
90 |— —

10° MASK

10—

, | | | | |
1 2 3
TDOP

Figure 17. GPS Phase 111 — 3 X 8 Global Perforraance at 5-
and 10-deg Elevation Angles, TDOF

-1 3-

o e o




R e D AR T TR 0 e e s e R A e e R Ty T e
% 7 ¥ R * e WA KT ]

99.9 }- -

99 |- - =
O
| ®

i 2 sl —
; >
‘ =
i —
) m

: 3 10° MASK

S
Q.

| L L J 1

3 poop 4 3

r —

Figure 18, CPS Phase III-- 3 X 8 Global Ferformaace at 5-
and 10-deg Elevation Angles, PDOP

-44 ~

T L B e a e 3 S Cme X Is

3
Mas
"L«wwm: xx




...m

X UOTIBIIBA 9DUBWIOJIS julog 213ulg

< UoT30oaTag II[[93BS § X ¢ —1III @s'eYd SdD 6] 2an2rg
2

..mn

selnujw ‘MWL JAILYIIY

0¥ cel 021 09 9,
| ! ! _

AETARTS £y

A¥
1
}

|
-

seInujLL
oe

-45 -

EINNIE 2 2
o
il
4
<
-
Zn
Ll
0 X
Zu

!
v
\
/
/
|
o~
dOgQd

- T

S

WA S S i T I S

W

sdInujw og .
RINLNG FHL ¥Od4 .V
S3X1d WNNILAO v

| L | vy

BT

S

s

|
l

AN

S D2is

- - ——e
¥
. oy - s e S e e i de ds, b Koplatr Nt & TN Ay 3N R Ny sty . . .M.
G S e SR SR O M A NG TR NSRS AR SO N S e S S e oA T I AT O30 3 ot PO Y L4 M o cuatnvs. I.&«,,%, |

- e g

Amrpegm

TR SRR BN ottt

P2y
g



AN e g A B P R £ e A SO PN e RN R st A b s, A S i K <

2GR R D S B RTR

99. 99 ‘ I r
1/4
/72 -
9 ]
3/4
1
€
Q
§ 92 |— B
- 1-1/2 hrs
=
=
m
o
m
o
(14
a 50 b— ]
10— -
2 ]
0 12 16

Figurec 20. GPS Phase {Il = 3 X 8 Baseline System Performance
Deterioration

-46-

"3;“‘,..,_“_. Ao b RN N S S o € o [P,

- PR - e st Mt 8 M st e “



99.9 ' —

§
s P m
Q.
>
=
—
o PDOP
<
o
& 8
50 — 6
5
&
10 ) —
3
2 | | I
0 30 60 90 120
TIME, minutes

Figure 21. GPS Phase III — 3 X 8 Bascline System
Performance Degradation

kL *":gw«




aBeaaa0) wnwiiydp JO uOTNQIIISYT €3IV § X € — [1I @seYd SdD "2z 24udyy

SITN TVIILAVYN JAVNDS
2 0lg 9 2 Olg 9 ¢ 2 0!
| E— T L

0 ~ T

R AT T A AN R PR T Thas,

R IIRRT

g,
_48.-

wad4ad ‘IONIHANDIDO0

st

e

NCILNEI¥LSIG vIuy
08 | ma...«.ss:u/ — 02

uadsed ‘3ONIMANII0 IALLYINKND

m,
.M.
4
W
%
V1
&

¥ ALV £
EXEGRRAS L
KLY ol \ BN FAVRML s b PN w3 et Vi W




3andilvi
06 09 0t 0
] R} T
9:f o LAY LLmt (0t 1€L6 9UGH 0S8 3092 409w I9TT Lel 041 G2l Cudl (9% aowcwarwrworﬂa
95 27U M02% J04m (0% TLEE YPGB 038 J0Od ¢cXab €16 UL1 04T .l L9%c Y98 (2%e cih e
Yaf 90 H6IL® el Mbe% 1€ v 3% vI3w Ctaeb ciio 2TLb Sf.t Lb5Y1 Vl2ulbl LU%b lLEh Livw LLor o3
938 ¢ bECL™ belMm o0ciM LIEE S7.l 9.l 8242 5CLC GCac¢ 0¥GZ S59Mt syl YrSe¢ SXHY Yioo sbad Yibe
*0c wtr 217 TN *In (vil 9Cec M¢ee 242 M¢2d NCL2 ¢y 094y 100l G900 9951 %951 242l Ouse
e 9o9r vm qaln qln LEET L2 BVIE n2.l 9248 12771 0956 04586 095w <O0UT %9571 T=sl Leov owov
N0 dLr %Io +1% 419 581 972 bl1lt ol1E 611E 92771 3989 J499e 9s¥ bwbs <bh9e bes lowst byav
®0c 358 1% 1% ale &7 QLT BTLE BTTIL OTIL wlwl wd9T (%o «97d £7%c 93%8 9c%e 3urd 99t
n42 IJ9r Iab vl cin o win DVSY 902 HTIL 9246 1£96 096 919 HLub YE9c ILY6 EL aUse 1wt
n0c  3Int  Yat Gs5r winm -5 117 9§59 6TTIEL TE96 ©296 UYUY96 Gi9t 9L 36 YEYo $tYL Gcldo wlde vide
Moe 9s3f 93 Ynl  9si <€f  95G% IbuM J¥G" £L2b GE9b YLEYD aceb 32«b H2iH H2eb Lceb VIV cuny
m6c Iu2 Y3E ULy 98E  w2EM BZat bch% b2k U%ET 166% F9vb Scub 5240 udlce 20%% vy L0y .y
20 ¢ 388 938 YSE bel® E28M Hcel*™ ber bibe UMEN TH9M T669% ThG" liea »bem bvHs bLraas ob.z Tt
n0c¢ 9ar 95F vt E21% LY 62L* TWUZ 1902 09K 01€% Tbsh TLum 999 u7%: She® SbLM o9z Lo
" e 9%t Ysf befYD b2E*™ €24in %EnS Iwul TRue TEJC 0989 INEM GT9h 99 479) bbSE wuLEm luis lai,
¢ 938 GEf EcfEW 62£% %¢*S chS Twud 1402 THUZ 0NEN 098L% ehot o9uf 9lL% TI.m obis .b%5 Sus
NMUe 951 95r LelT 6ciM %296 %296 1802 1802 Twde 002 09L% SELm 919 9lLn SbLS Sofa abEL =bii
Hhe LY 9af Lol %2%S %2*5 =294 1002 9902 u02 2rv¥¥ £60¢ #9125 BME3 ¥9¢3 (Meh LBl iTs Lty —
m.¢ 9af Y.L t<¢iT ME"S bM6E o"b¥ YUl WILZ ©HLC 6EES ¥GLC ¥WICS ¥NCa $8TEH LMCS <3 M. HLC.
NVe  35L  Gar Y&t £%b% T.40 TovR 4622 R34 ¥64C 9922 W92 whSuTivEL MLbYT MIE Mca Sicy i ds
nle 3658 Ysf  wub 1 60 TLrS ©ecS ©225 bd2s vl Pes0IveSOTveSUTUbuUlavE L voS0TWbadleballvets
9Cc 9ur  Tar “L£11 tebhel 0LeS 082S 0f£cs 0£25 4902 wbu0T0630TveSuTboadizale ¥S0C 2147 wwin VUL,
v 93¢ v i £1T 3,83 ¢I~E 3198 Tbff Totf Tofi fefi LufE £hir dwcl 242 ©50C ©50¢ tids v ey
IR 95t o R 4 €11 £13  0cv}_dwlng Toef TOHLE TOEE Bocl EWEL atdl buuld ¥S0. 1¥ud 79iz 29lc cren
& 9ar o© St 211 L .xv 2592 2%01 2961 bINE olat EI9€ 2oif ¥ulé 1w tyuc £9UC 990¢ 73bc ez
2 §5: b (9 ¢ 282 2862 2288 2362 2E72!1mle2 OINT S S9¥¥ SYbe LYLE rylce 1902 wifa ol8a Wity
= 93f o 26l 2862 (U100 J£6T L8662 2802 NlL2 1Ll w6l wIbLT THIL Tiio Swbb S9bb bubL bLyby breuk
% 99t o© 2961 (182 (the (fHe 2862 2802 m222{211 907 0961 w9bl ivTo lole <I¥R swavw velw clvc
£ 95: o c3bl <9BT L4k2 otV 2502 (282'\Me2) 1Y UULT 9bT SLEV B0 60% €09 ¢n2c LU L2y
% Ysr © CuBl 29t T 98T\t 62 2562 2802 cru2¥2TY  uebl 229% vsill Sctl folb Tole lolo T9lt Lccl
4 Ysf © 1161 cYoT ¢961 <961 WSbe £62 LE8u¢/ 2962 2c9% v¥b20lwiS0T16T.2 6Tl olud bie 29lb “vik
m 95¢ o TI6T L%t 2961 ¢4&1 2¢6T 290l 249b6T 9692 ££96€ 2948 29%%c¢ ¢7¢d olec BT bllde Llee bloe
¥ ¥3f ©o© 1167 110l 2961 901 2461 L0Yn wehd =311 SUV  2nlec <%dc c¢Mad CTec c1¢ed ¢nid olie Srco
i 95¢ o 1163 TIET Gh% 20%% 203 2298 90499 50T 60T <617 8C1 01 w1l c9d e"dc wiet buLh
. 95§ o TI161 oC*% 4090 (7%% Tebhw YOGV 9099 9038 G6(T 2611 2611 2ot 41 w3l vl Leob Yo
w 95¢f o L3297 LU L0h% ToLb T.E£6 906y 9dsd $09€ TTT 2bl1 ¢eT1 2631 <261V 2311 wballolwe ®wlsw—
& £¢1 23° s
o
i (Uiw) INIL

28%asa0n »oay o1ydea3oon uo1IIVTAS 9311938S — IIT dseud SdD

¥y AR ~.s‘._.vk\,.¢,‘

Y RLCLER INES 0y don

'€ °IqelL

N

-

0Le

08!

3aNLIONOT

-49.

13

o

PR

SN BV e
e




TYERETIT

R

TRt o

4 3anILy
m 06 09 o€ (]
I 1 { T
4 e vde MEZ LU%* 1656 THib TEL 6 9068 vlsw 058 bdIT TYT vV ol cevi 9% (99r wcot bup.i '
] . mle "HEM “bem Gbib TLEE Toth 908K 309% YO0GY creb ULV OO} Lell c990 Ja%t (998 cil.e Teze
n0c  9lc byt E£S:  GhEb V288 52,2 D9u2 906¢ 2826 chaeb 2£46 650 299l 4997 IEut ctse Lisw Ul ose
. "0c byt 69f 69L 0wkl LI mel2 12ac¢ 24 M8s¢ el MMt MY uiue ulYs vty Gy He st Yoe
4% "0¢ BY  bIL 69 DSET CSEET NZsd MeLe N2¢d "2l M2ic¢ M2 %M V. 1 bave %361 %94 a3l wuab
% $'2 bbbk bdr LOL (vl V CLeal SEAT1 ®2.2 %277 7.2 9211 409Y Wil soub 1331 a0t OuTulebitr Lesy "_M
¥ "0c o9 091 L&t £9L (6E1 OLET "02 bTIL 9222 %¢md w09 %) wunl vLeobe Youe u0f tear BILY L
5 n9¢  9st byl 09t 694 LEET OeET 902 o6T12 9w¢nl RUNT w0MT 0966 f£9%s nste *5%6 “5%c¢ 9c¢sb %%0y it
a3 "¢ 9=f 6YL 69T 6GL €95 06f1 J4al 6lla m2nl 196 UL96 15bL Tsno Isct lakb atd. ake. ww.ov 4002 y
m.¢ 948 9ur bYL 65§ 69f b6CE O8ET 0266 1£90 9496 996 949t G990 Yt vy Sr96 Yivo %les "aa.
n0c 93% 93t 25t 9AL  G9f 162 9627 0096 £426 SCLb 92Lb Scit 929 9Cib SClb HCLL mBzY wnay
i ndé 952 Ya2 Y9t 9ct *H2% nE2N 52N BSE2 D9EY 1659 SUL96 wcitb nldeo Blet BHLY wLs3 £ilbH Tolt
w.. 902 I8y YGL 48%  98E  ween 62" ToWwT 6562 0TET Toa% T69%M 163" w0 46¢7T B¥LT busas ¢ 1Y Looa
m.C 9. 9st 9EZE b2* *62% b2LY lbul 1802 1902 C%E Tbo® THSY 5%9f 99%5 =k % Lo%> lvsi:z EEY9
m *0c¢ 9Lt 95F 9<Et 2% 6ZE% leDc 1802 Twll 1w02 07€% (939 165% 395, 399% ©buf 1¢7% Vase isas r
X nu2  4S8E  93r Y9uk  bebm edi% 1602 Tv0C 19UZ 1802 1602 uni® 0%E% 499  bbot 96LS SUL%L 5b7n o, (o]
{ 20c  9ut 9ox 95t LILM w296 Ttw? 1902 TWUZ 1802 £b0¢ 096N 0b%s "T.7 2% 401 aUf. ztiz scbs &
% 9°¢ 98¢ Yar 9% 6ctm *27% YBLD 940 YULC kYUY 2bEY 28Wk 92¢ 9697 097 LS Tuks UL “uia -408f —
i "0 95: 9ak  9ti 6MbY €%6s Tib¥ 0224 bcs 225 6225 £061 725 "6Y7 7697 (¢S _~2a stel evoll pa. 2
¥ 90¢ J9% 58 Teel Tawr Tou® Tobb 6226 62¢G LEdS bYbT 6YET 6UET Buea "oy "pBY" s¥¢a stcs Nrces o W
W 26¢  Ibtl SLi elcel ma.alul Tewf Towf TuB8 6228 Hc¢2S $447 £62f £583 2912 t¥E:r wvoLblBoisluvbzulbeta m !
\ "¢ Tosl 01 cu,m} Elel wlyw 880 €8S 626G 2902 SHESE LWEE £t fw2f £wel :¥el bLablosbiy beis
e 202 ﬁo.;\.lcw« 1311 .wawa.muw.ﬂ.\ﬁn‘h’m’ 0L2S 0825 Wel2T w2il £U2) 2wl £94b ¥SGE 449C2 wulc 112y tids
N 9lce 9l €11 €11 €11 rw«m... mww..:ormm 0£CS 19 621 twil tbel 8302 8u0c¢ 2902 990c¢ 2%.c¢ cle:
::, LT B 11 1T £IT UIT Jrie2'w2b2 2Tl SEES «89€ §97t 2902 1rud 130¢ 1902 190c 193¢ is.c
4 9.¢ 11 L eIt g1 THL22 Mol il vdee L Niec, 2L 496l SYPt HILY £902 £90c¢c LvJde tSuc v
: *02 91 £V [JEV2.94u2 *4L8 Mas2 9422 W2c2EVT 211 261 olc S9ed 53vs 59vB 39¢s obew 6o i% —JO6 ,
Y n6e 9l 81 102 2£v2 LE52 Li6Z Zive NLLe JetT  etl ckl <l 99by S9lb SSWE Cwdb oliv 1ol /
s ruc 513 st c$¥2 L8BT ZEWQ LfbE 2iwWl cibw2 14951 BYb1 V961 2299 Ccu emcb dMcb 120 auc) Tind
%yl o cy6l cEFC LEB2 LE6C «fW2 LEB2 (fl LY0T U9LT 229% 229% 27ib Zm2L <9¢6 21¢b 19le asle h
4 e © 261 cSET EOB1V LR B2 wV2 oful ZTISYLET 2926 6148 61.2 bhie 632 bILC olei thec .
.w 26< b 2%t1 el 29bT c961 cYbl 29671 079¢ w9Y2 Lk 2992 299 9 bluce oled blie 2lec ULlee
3 %2 o €361 ¢4t l ¢961 961 L09% wen® 8299 2TTT SO0V b1l c%ir €nad 2922 ¢%¢e 6llc Vloc¢ Gieoo 4
w 962 e TI61 96T c0%n L09% <¢2%y w298 927y ot CoTT ¢61¥ 26TV Lul 2%cce 2M22 S8 tietd b o
) %.¢ )¢ b «0%% L0089 9% 2cefb <denv 9058 18od 2SbIT 2bTT1 2611 cbll (01 01 w90  2evv 2o
“0¢ 3¢ b Lha LGhY T6E6 1e6f6 Y0Sw 9043 90389 60T 2611 2611 2ol ¢bll 29t  wbSulevcztb i sw A0 i

; 991 w'es
(Ui INIL

i sy

(ponutnjuodn)
23e1040D ®oay d1ydeaFoor) uo112979G 9I[[I18S — [IT 95'Yd SN "¢ 2iqe]




Py ﬁme;;;“‘

0L2

08l

FONLIONOT

06

%
W JONLILYT
4 06 09 0t 0
m N 1 | T
i 1661 Tobl 163 "beh Tof6 T6E6 VEL6 <aif £20S <238 19T Tyl 14T Inll 239 890 o996 «<3b 4c9b
v, T6ST Tebl o%a 18T ToER 3086 TErh ZLUE 2208 38 909V ¢S4V INTT cebw 2392 L99% (Y98 L1uv Muav
16l bYL b9t 5817 Glnb £l9v S1nb B89 0992 Us9cC Sclf 2646 2296 22uw 2296 «ESb L3 oibb S13¥
4 1661 byl B9 1eT SELT 9T96 GInt 9242 924¢ 242 0692 291 (003 boe ST9L SU6L 9rS% Gioce Y1 av
% Tosl byt 6L 6181 SLET €Ing SInh 9202 9242 7842 9297 1277 (LU 10yl 1LY Sabt "4G1 %S5 Obab
1641 b%L c©uf 6%l SIET SEELT S99 %¢L¢ %262 7242 427 7277 QLT 100l 1J0T 5900 ohiv obsl ks
W T6%h 09f bIT YL SLLT SEET Siad 3398 9222 7221 9277 ¥0nY VGnl buwe 965s F05L L0Sc bbib by
1661 631 63E €94 SELT SLLT 2££7 Saal 70e  2¢91 4C9T QUMY Cank £97d w89 2390 9594 T6y Iyl
g Tovl 69t 63€ b9L 69L SEEY SEET SEEL 6861 7291 089b TGhb 1666 TSbb Tibe 1566 1106 1lce 990v
, Toel 63f 63% bt b69L b9f SELV SELT §VE6 1226 1566 1566 1666 Iuub Tsbt 1506 labo Hiis e
. Tost Tat Taf 15t TSE  IEE TEE 7629 5362 5456 9466 YES0TSES0TV6:0Tv650160501eb501b5ay 2uhy
Tebl Tut  Tat $SE TSL  16x  w62% 6962 6362 I9EY $266 YUE6 GLSLINEa0IvLSUIEBS01865s CO0mY €L
" Tost Tut  Tuk 15t TSE  #E2n 2629 0562 5362 0662 Tb5% Tbs% nNLS m9iy "ESGY 8% SuSa bonz 0992
% Tosl 1&t Tar Tef  T§L  %62% TEQT 5962 b562 1902 0v1% 7MES 9%E6 %943 5991 E119 Tyds Tox= Tuis
lobl Tor TSE TSE TSE %92% TEOT 180C Tyud T¥dE 160 0964 94Ls 9798 bbSe 1299 1¢v9 e dsa
/ Toel Tut Taf VS6E TSE +82% 16AT 1002 T90¢ Twl2 3892 0nE% 09E9 66uf 666K 1879 8675 567¢ 5095
Toel 168 Inf 16t I6L %629 1502 1402 €361 £C61 2001 €061 £zt 7ot 2b68S 9615 Sbia abis =bis
5 1661 15t Yaf 994 TFLET Lmbb L9602 6225 b22S 2buv VeV 2098 8226 812§ (iS5 W0ES 20€S viin n0Lc —
o To6l 94 93& TE2T V2T f2wk 62¢S 225 622% 6422 2060 £0bT £061 Glca 969% (M5 (¢ sciy Wifs
5 TosT 98 bTT 12T wiI2T V.99 6225 5225 6225 225 HIf 6ULE £061 Yewl w25 «47¢S "L 2§ nicx %125
m Tokl 71 bIT 6127 G127 148U 16ES 5225 5225 0225 YT £ULL Leff 19LL 9247 9241 H050TwbiL Taves
9 Tovl 91 6TT bIT 6121 »I21 7CEE WAES 6225 £902 well EVLE EREL heck 2a0cT €3, o502 wREL Wby
x 1661 20 6IT ¢T1 ;2127 ¢TeT ZTET\2LL5 0626 ¢22T BeeT 20EC £6.7 £V4T 9202 8302 $50¢ 793¢ 2ach
! Towl m%  6I1 €31 €71 2121 2127 2V21, 082S OI4f ee2¥ £usl §50& 9502 U902 9502 1908 23912 cids
3 Teel 2% oIV €13 £31 VT 473 £33.7.8262 2121 %61 €625 290¢ 2902 £90¢ 1902 1902 1w Evue
5 Towl 9% FETT €11 £33 %442 92Le Mede m.e@)c961 &l 2127 £670 fwwe S93E L3(2 £90c vweb bubt
: Torl m8 {91V 1V [ 904 w442 2422 422 212961 cf1 2T2T £.Fn £l yxi 9060 U6 ofew Eoln -
: 16%1 a1 ’ndﬁ 211 wiez wice niaz e snrwmumo“ 201 2€1 221 fEr tff aft f£2f I 2 mew
i Tool 2% VE1T ['wl22 %lce 9442 malde mer2 ¢Ew2: 2961 281 2£T 23T URde u8we 276 2nlo 19l lcd)
3 T8 91 \£31_1°202 9242 %0dT 9202 1242 (262 ZE9C1 44961 GOUR Uk¥e 27¢b ¢t <726 tylo 19l tvlo
3 1661 = VT n042 442 MALZ T 122 M442 (a2 (SN2 IO EE% bllc blié blL ofcl 3122 Tlw Mige
16§l 71 ® EOET 2961 \uee2 1 efALRE TUEIV ThEW Q01T 2992 2%2& bled 6342 6142 1lle Hloc Yree
3 Teel 91 ¢ i9bT 2561 T1ua Wenh 927¢ 8238 91T SUT 2613 2%ic ¢%.d ¢74d 2702 V3Ll Jrew Yran
: 1681 21 & CYbT TT0E 6o 9Imb wanw 9299 0T 20T 2611 2611 (01 &7¢¢ <7:& wosUlwliw vult
1661 Tasl wl  c9EV T10% 2296 8248 w2 9058 ILL2 261V 2611 2614 <617 ¢bll ¥96  Lcedl ilav blIv
5 TosT TELT Towl nei% Treb 16£6 T€:b 9059 $06¥ 9058 26TT ¢b1T 2t 2ol c2dt ¢392 boGuUlacut vcve =
W 691 00°0>
1 (ujud) INILL
(ponuliuod)
a8e109400 ®oay o1ydeafoan uo13oa(ag 2311703eS — II1 95eUd SdD '€ 19Tl

-51-

RS b et YA Sk |




AT

o

/

w

}

;

T

}

5

, 30N11LV7 “
06 09 0€ 0 i

3 | T T v

m L 2886m £t GELT S8E6 TLFE TeLib T16£6 c4od 442 19T 3971 1+11 £99. <ddY9e cCY%h o%Yv Ccav oot w
LR 92 bYE =LY 0.€¢ Lotb BuSw 0692 LLUE 2200 L20F 62171 2¢Ye ceyd dCYu ccYb (H9s oi.v liae .
LA 69F bwyr StttV Cely 04ES O0Llb %242 %242 uvW92 9218 9246 LS. bau bt dYlb st3w crae .20

m 21 et bIE SEET 0ZE% 0LEC Jafn %w22c¢ %242 242 9291 (081 QeoL wbws Coo téb 51 %1 zill s bl

] LS 9§ bYE GELT GLER (L% J.ER %2c2 1242 0692 9271 291 ¢l buhs bwPe 65 193l ¢ulli0uub

g L2 6Qf 69f 5857 GEET (L4 C b® Olkw %222 7277 9291 9%2%) G6t. 68uvL owb: 101 £9% bhuvk "70Y

m LR 09 oyst utel SLET HEET Osrw OLEl %242 7290 9¢nT 1£96 Tr9t bbeld Yboe Yobue Y0SL 2 %r "Noy

1 L2 oaf 69 69t SLET SEET SEAT 2xeT oril 72491 1196 V0%3 £°0b 96 lTiLe 10108 1106 wlcy Llooy

i 2% v9f byt 69L SELT CCET ALLT 5E€V S€al SEET 9Y6m1 1466 Vsbb I56o TsbL 1106 110v 1i0e lluw H012

$ 91 oyt 69 oYt oYL SEal GELT SEET 62T 5256 v0L6 TSbb TE6b Tuob lubt lakt Tabo lits liuve

22
-
-

ryicts
2
-

59t BIF ToL  TSL  T3f T6L 62L1 6562 5455 9456 L6 €bGLIsLLHUIVLSGIIHES01kLEDTINLL L Tice
03f I5¢€ Tst Tet 1SE VL 6562 bib2 b5b2 €266 EL6 Wefb U6aJTVESUTWLS01H36y .7y 7.b

% 21 b9t  T5L  1eg 16t 16L 6562 6962 6562 ©S6Z Tb&% 00%H Avib 7S AMLG E¥en Ovsa UonL vl
, LR TEL  T3E 16y Ter  TSE 6eb2 6562 562 6562 (MM LS 99k w5 5L £319 ludd lodu 9rcs
% 21 ber® 15f Isr 168 Tobbl b¢b2 6962 Twle 1wlc 1¥0c 06£S a®t S %715 065 5096 lenn 1ev% yr.*
1 23 viL® Tar 1§ 16t T6ET TewT lwg2 T00¢ 1602 1602 w62 OME~ =7is 1299 12%% S5£9 ase % 358" :

-1
-t

HZEM B2L% Lce2 L2242 %64 U=bR 0964 0Y¥e® 096% 096w 0968 Mit" 09 "1e% 2len U0 2 WLn "L
L £022 1262 1266 02086 6226 bel6 29¥E8 698 OB £402 £0b1 wlcn ¢7¢y M0LS Muis “urd %oty ] 081
orbe Touh T.6€¢ ToE6 Tivt 6226 6E2% b223 cv68 2w80 G019 QUT= wuld (725 ¢M¢s LM< ver s Yein
21 Jaw2 ULBE Tot® 1466 Tevh 0edS 6625 6les vE2d %wal wOTH FLIm vt wila wE2s wida 7fc. 9nda
"1 JEU2 UfW¥? Tab¥ Toub TLUY T8 6226 5225 b225% B.a1 SWEE Fuhi huwrt 9021 ¥cT woSUlr il aies
"1 ob¥e Dite Tabs Toth 1298 Tlwb_e2g 5226 <932 €.2F dwdt 9741 £821 awel adel tull shrs Lian
21 Jibe 0€he vr®2 Toby 1266 {Elct n“m«wWNWm Yeel 624% tvel €02l twsl wSLE ¥SU2 wa0c¢ "Y%uc¢ 1226
%7 Jfec Brve uitd 1ol ,ukmpwwwu 2127 ZICT WInE seLd £541 860 ¥s.2 8302 wall 190¢ t9.¢ tauc
a1 Jrbe ULHe 0802 2¢cl Y2lé vade £4¢C £eed HEGOV Tel ¥630T182% Vrca 2Sbc £902 a%dc 90 2794 .
23 Uaed Obtwe 22442 $46C 2ede wee2imeed 2361 2302 %162 2121 ¢lél otmy Bduwb vdbl L1902 crow ocabe
LB} Choe OLWE 2ecd L4227 VLLC 242 M¢42 2961 1162 9162 (121 2ecl <¢2cl clel vust V¥ 2luc <39 406 B
%1 L9l el recd L4802 %lel %2442 uhrm.woc« 2162 9162 "1beé 2¢21 22c¢! 2¢<¢l <¢lel LLE  2c¢caT Lo3nn
%1 Wive OLWE £4¢2Tmel¢ mide Mid2 2967 2907 9428 %16¢ %fuc “ibe hynw 272E ¢7¢b tYTL 19iv Seli
L2} dJiwe 0b82 cco2V92¢2 mece 02?2 2908 Ncc.rhc.cﬁtu.ubh-_icn YHbY cYet eMcb E9¢b Lwlo evwle rzlo
“1 Ultc 02v2 tale|mied 1l 14420¢961 wLEe (19 2502 0100 6142 0l vlsl eTic Tliw P10w 1lLs

&Py
L)
Lol

-5

FONLIONOT

21 21 ibe $2.2\5202 44l vE¥2 d9ck 1ELE lrdw ULIT 0011 2%sc bl tlec 6108 Vlae Ve Lo b
LR 21 "t » 2961 Y2N8 02%@ 0279 ¥29¢ YITL 0T (U1 LC1  cnec €m2d 012 THLe 54l (W Y
] 21 bR v Bty HC%6 IR waaw wlnd 212 <01 LUT 40V LS4 ¢lc 27c¢ vwtSulenle bale

aﬂ Jw 4” mnvoacomrmomrwnum¢omrwomc—»hwmmaamoﬁﬂmruﬂmowwmw—ahumxcopm_—nu—~ L
21 21 Ye 6N Leth 2% YUGh w9k Yiny J)I68 Youiv 2617 2011 2Tl co T o499s «3%e vbSLlLcrb beIb

ag} 6:%¢9
(wiagl IWIL

(ponuijuoo)
28e19400 €21y 51ydeafoon uoO1IDITIG IINIPITS — IIT @88Yd SAD '€ VIQBL

QXL IS i T oot SRR




SRy e €4

SN

‘rﬁ&m?;*&}. ESTPRES

ERsd o "‘N‘;g‘ﬂﬁk

(xsyddo) #3ty 28uey WNWIXR ‘QUl[dSeY 8 X € — Il 95BYd SdD ‘€z »andy

09€¢ 00€ or2 08! 02l 09 c

bep ‘3ANLIONOT

a ¢ .°0 (°

ot

=,
v

Sep ‘3ANLILYT

yas
NS

] { ¥592 | |

W x.,v.,
4 SR S AT e G

R op % A By Wt t, 7 Fagtide Gt R R n R AD s o gy T SN SR . : " .
AR NI e o R AR G 2 Al B AR P e Bt s B A Wt T R T A o

B

3 4,

-53-

¥l

st Nt Doy B Fl I T s

T ot

G 29 2200 T R IOND K IRAT Ak

M




1

i
W
25udaandd 9sdl2g SdD T 2and I h
j
u,
i

NOIT3HIY3d 3IONIS SAVA 40 Y3EANN

08l 021 1'..@

ovl

TR

M
09 4
¢
b4
o H
Py
L, =
¥ o2t =
3 O
. XONIND3 i
@ TYNY3A m
i [%] !
2 = -
> '
>
081 »
4 Q
; X .
;. ~{ ;
1 > g
; 4
2
o]
r 4
S
Q.
o
Vo]

00t

XONIND3
TYNNNLNY

IRy




: vy n . I - - R Ry -
T R o m  P  R E  TiTrERe ol mw?&w

i

5. GPS PHASE I GEOMETRIC PERFORMANCE

l: The GPS Phase I development configuration is divided into the major
; segments and operated and controlled in 2 manner similar to the glotal

; operational GPS Phase llI. The ccntrol segment consists of the MCS, 3 or 4

: MS, and a navigation data upload station. The satellite segmient consists of

3 navigation development satellites \NDS) and | navigation technology satellite
3 (NTS) deployed in subsynchronous circular orbits. The satsilite telemetry

and command functions are executed by the AFSCF worlcdwide space-ground

link subsystem (SGLS) control nec (see Figure 1).

5.1 ORBIT DEPLOYMENT

In the interest of legacy, the Phase I orbst deplecyment configura-
tion will in time be made part of the Phase II and 111 system configuraticns.

Because of this, the four orbit elements, cccentricity (e), inclination (i),

Sy

period (T), and the celestial angular spacing betwcen planes (AR) are identical
to the Phase 111, 24-satellite deployment.

Since a prerequisite for near real-time navigation is the simuita-

e\ 11 i

neous observation of four satellites by the user, there are several criteria

which dictate the distribution and initial location of the four satellites in the

fid e e

three available orbit planes-

Sateilite visibility in the test area

veon

a.
b. Duration of satellite visibility

AL

(s
0

Geometric performance during the time of testing

i
[« 5

Visibility and duration of visibility of single satellites relative
to operational ground stations prior to and during testing

Eaxiep iy e

e. Visibility and Jduration of visibility of one (NTS) satellite at
the Eastern scavoard subsequent to testing.

Loy

-
23

o3

The distribution and the search for combinations <f the 1nitial loca-

et

tions of the satellites in their respective orbits to comply waith these criteria

.
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are virctually infinite. Most of these combinations comply with some of the

criteria of the preceding list. The depli yment to be described is a compro-
mise relative to the degree with wanich these criteria can be met simulta-
neously. There is no absolute solution. Typically, a deployment providing
very good performance (GDOP) may not provide good coverage nor extended
test time and may not provide a timely opportunity for the vital upload of all
satellites prior to testing. The deployments using three orbit planes usua:iy
belong in this category.

In order to bound the visibility problem, Figure 25 shows the
visibility area-time relationship of two sateilites deployed in each of two
orbit planes spaced at an a'.gular distance of 120 deg. A systematic search
and evaijuation of GDOP performance for various combinations of satellite
angular distance and angular phasing between planes within the abecve bound-
aries reveals several candidate deployments. The orbital parameters of the
Phase I deployment are found in Table 4,

It should be emphasized that for the following « iscussion, the proper
inertial loc: .ion of § raust be compatible with the GPS Phase III baseline
configuration design, launch constraints, s¢1sonal time of day test time
considerations, and orbit perturbaticn eifects. No useful puiposs, is served
at this time by introducing these other matters, so the celestial longituue

(R2) is considered only as an arbitrary irertial reference.

5.2 VISIBILITY AND GEOMETRIC PERFORMANCE

Figure 26 shows how the four-satellite area coverage changes with
time. Successive areas are indicated at one-hour intervals; it may be rnoted
that as time goes on, the coverage moves north, expands, makes a sweep
ea tvrard, starts to shrink, and then proceeds south. At half the orbit period,
the process repeats itself and the mirror image uf the coverage appears in
the Southern Hemisphere. Figure 27 shows the four-satellit. coverage of
North Am:rice at 30-min intervals. The coverage at Yuma, the presently

planned test center, starts at 2.5 hours ana ends at 5 hours.
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Figure 28 shows the ground tracks for each of the satellites., The

solid line indicatec the satellite travel during the test period in CONUS
(defined as PDOP = 8 during the four-satellite coverage). Satellite No. 3

provides the potential for compliance with criterion (e).”

Figure 29 provides the geometric performance within the boundaries
of the four-satellite coverage areas as a function of time. Identical perform-
ance is obtained at six-hour intervals, when at these intervals the coverage
repeats every 90 deg in longitude and alternates between north and south
latitudes.

Figure 30 shows the percent of timme four-satellite coverage exists in
CONUS, and the corresponding navigation performance (PDOP) as a func-
tion of time. A more detailed picture is presented in Figure 31 where the
performance at Yuma is z'otted as a function of time and a comparison is
made with the 99. 99 percentile performance of the GPS 3 X 8 global deploy-
ment. This shows that the GDOP performance ‘.r Phase IIl on a global
scale will almast always be better than the GDOP performance demonstrated
during Phase I.

Similar to the four-satellite time-coverage sequence discussed above,
Figure 32 shows snapshots of the three- and four-satellite coverage in time.
Again, mirror images are repeated in the Southern Hemisphere at six-hour
intervals displaced 90 deg in relative lougitude.

Figure 33 shows the available performance in the three-satellite
visibility areas when the user 1s assumed to have a perfect altimeter;

Figure 34 indicates the perforn:ance when the user has a perfect clock.
Acceptable performance (PDOP levels below 7) is available in these areas
immediately adjacent to (surrounding) the four-satellite visibility areas.
These areas (sometimes leading, sometimes trailing the four-satellite
coverage) sweep across CONUS and provide the opportunity for extended

testing both in time and location.

“The allowable variation in these ground tracks is specificd as a £2-deg
tolerance of the geograpb-c longitude of ascending nodc in RFP F04701 -

74-R-0096, Sp:ce Vehicle “equirements Document, DNSDP Space Vchicle
Syster:, No.” DNSDP-SVR-T01, dated Z8 December 1973.
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5.3 STATION VISIBILITY

L)

455

Figures 35 and 36 provide the time-line visibility ior 15 different
stations for each of the four satellites, Considering Vandenberg, Guam,
and Kodiak as primary L-band tracking stations, it is seen that all satellites
can be tracked by one of these stations (but not simultaneously) for 2 minimum

of 2 hours each prior to CONUS tests, and for a similar time span 12 hours

iater. Figure 36 also shows that satellite No. 3 (NTS) is visible to Chesa-
peake Bay for 3 hours subsequent to the Yuma test time,

Figure 37 shows an expanded form of this time-line and defines the
available test time at Yuma to be 2.5 hours (detcrmined by the visibiiity
(5-deg horizon) of satellites No. 1 and 2. If ‘v. primary upload station is

Vandenberg, more than adequate upload time is availabie for all satellites,

with a minimum time of 10 min for satellite No. 1. Figure 38 shows the

o elevalion angles at Yuma,
5.4 DOPPLER

Figures 39 and 40 provide: the range-rate and range acceleration
(Doppler and Doppler rate) during the testing at Yuma. Both Doppler and
Doppler rates are somewhat less than the maximum observatle in the GPS
3 X 8 Baseline.

5.5 ECLIPSES

Figure 24 showed the occurrence of eclipses for the satellites de-
ployed in the orbit planes having celestial right ascension (R2) of 110 and
230 deg. Figures 41 and 42 detail the two eclipse seasons and the daily
variation in eclipse duration for the four satellites. No eclipses occur sim-
ultaneously an. ‘e maximum duration is about 56 min. Incontrast to the GPS
3 X 8 system however (due to the angular spacing between satellites in the
same plane), the eclipsing of the satellites in plane 1 occurs 2-1/3 hours
apart (or 9-2/3 hours), and for plane 2 eclipsing occurs 1-1/6 hours (or

10-5/6 hours) apart. Some eclipse conditions may be encountered during
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nighttime testing once a year. As mentioned previously, the proper inertial
viilue of 2 must be compatible with the effects of Phase 1Il constraints;

therefore, the eclipse secasons (dates) discussed here raight change.
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Table 4. Phase I Orbitai Parameters

Satellite Ecc | Inc | AofP RA of AN MA Per
No. (e) (1) (w) Q) ﬁo) (T)

3 1 9 63 0 110 0112

3 2 0 63 0 110 70 | 12

3 0 63 0 230 (-)30 | 12
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4 c 63 0 230 5 112
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6. GPS PHASE I PEP.FORMANCE

The GPS Phase Il control, space, and user system segments are
operated in a manner siniilar to GPS Phase Ill. Phase II provides the first
opportunity for a limited global navigation capability by virtue of its satellite

orbit deployment.

6.1 ORBIT DEPLOYMENT

There are two alternative 3 X 3 deployments:

a. Three satellites are distributed uniformly (even) in each of
three orbit planes

b. Three satzllites are distributed nonuniformly (bunched)
in the same orbit planes.

The orbital characteristics of these constellations are defined in Table 5.

The characteristics of the first alternative comply with the desire to provide
a global navigation capability using a minimum of two satellites on a contin-
uous time basis. The second alternative provides the visibility of the number
of satellites representative of the Phase Il deployment, part of the time. The

exact deployment will be determined at some later date.

6.2 VISIBILITY

Using the identical methods and criteria employed in the analysis
given in Section 4.2, Figure 43 shows the percent probability of observing
a given number of satellites (o. higher) at various latitudes for the even
uniformly distributed 3 X 3 constellation. It 1s seen that on a global scale, a
minimum of twc satellites are visible for all time-space, and that as many as
six are visible 1,04 percent of the time. The distribution indicates that users
located at higher latitudes observe more satellites then those at lower latitudes.
Tables 6 and 7 provide, on a global basis, the mit: .. n and maximurn numbers

of satellites seen sometime during the orbit period.
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Figure 44 shows the visibility distribution for the bunched 3 X 3
constellation. As would be expected, the number of visible satellites varies
greatly. A comparison with the even 3 X 3 configuration ({"igure 43) reveals
that a user has consistently higher probabilities of observing more sateliites
at the expense of not seeing any for some time. Tables 8 and 9 show the

distribution of the maximum and minimum numbers observed globally.

4 6.3 PERFORMANCE
\ Since the evenly-distributed 3 X 3 constellation has lees than four
,E satellites visible approximately 20 percent of the time and the bunched 3 X 3
5 has approximately 40 percent, this time may be utilized by the use1 equipped
3 with a highly accurate altimeter or highly accurate and synchronized clock,
%

or both.

Figure 45 shows, ifor the uniformly distributed 3 X 3 configuration,
the cumulative GDOP distribution inr the global areas where four or more
satellites are sezn sometime during the orbit period. This distribution s
based upon the same criteria as for the global 3 X 8 constellation. The
selection of the optimum four satellites using the unit vector velume 1s jden-
tical, If the user is located in the right place at the right time, a 50-50
B chance exists that the user will obtain conditions where he can navigate as
weall as in the 3 X 8 systern (PDOP = 4.6 each 50 percentile). Failure to obtain
good conditions is attributable to the lack of satellite population, since for all

practical purposes, only four or five satellites are available for selection in

\:\“‘A\l“" g

these areas.
Figures 46 and 47 show, for the even 3 X 3, the GDOP distribution

pRA

{see Appendix A for definition of GDOP) in the areas wher. only three satei-

2 lites are visible. Here the user is either equipped with a perfect altimeter

w

or a highly accurate clozk. The ability to navigate is not much different in

L, N
oy

either case., Figure 48 shows the performance when two satellites are seen

and the user has both a perfect altimeter and a perfect clock.

TP ey e

=50 -




Figures 49 through 52 relate the performance of the bunched 3 X 3

in a similar fashion., For the areas where four or more satellites are seen,
the pcrformance relative to the even 3 X 3 is considerably improved. This is
due to the greater density of satellites that provide the user with a better

selection for the "optimum four."

K1 -




Table 5.

GPS Phase II - 3 X 3 Orbita! Characteristics

T T e — .
PSR W e T M o SRRt RN G JE0%

Satellite Ecc Inc AofP RA l PER MA
Ident {e) (i) (w) () (T) (M)
Even Bunched
63 12 15 1s
2 63 12 135 5
3 0 63 12 255 135
4 0 63 120 '2 (-)15 (-)15
5 0 63 120 12 105 45
6 0 63 120 12 225 105
0 63 0 240 12 0 0
63 240 12 120 60
9 63 240 12 240 120
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Figure 45. GPS Phasc¢ II - 3 X 3 Even, Cumulative GDOP Distribution for
the Global Areas Where Four or More Satellites are Visible
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Figure 46. GPS Phase Il - 3 X 3 Even, Cumulative GDOP Distribution for
the Global Areas Where Three Satellites are Visible (User
Has a Perfect Altimeter)
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APPENDIX A

DEFINITION OF THE CEOMETRIC
DILUTION OF PRECISION (GDGCP)
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The equations defining GDGP are derived in this appendix for a
pseudoranging user implementation. Under the assumptions introduced
regarding pseudoranging error statistics, the results are also applicable
to hyperbolic (or range-differencing) implementations. That is, GDOP as
here defined is identical for the two implementations.

Consider the vector diagram shown below.

ith SATELLITE

USER

where
ﬁi = Position vector of ith satellite with respect to user
ﬁi = Position vector of jth satellite with respect to origin
of an arbitrary coordinate system
f{u = Pcsition vector at user with respect to the selected

arbitrary coordinate system.

Then, the vector equation corresponding to the above is

R =R. -D. (A-1)
u 1 1

The magnitude of the range vector I_)i (the distance from the user to be the

iLh satellite) can be obtained by dotting l—)i with its own unit vector Ei. That

is, Bi eDi Ei and therefore Di = Di . Ei. Then, dotting Ei 1ato both sides of
Eq. (A-1)

Preceding page hlank
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€. -R_=@€..R, -D, (A-2)

D, as it appears in Eq. (A-2) is the actual range of the ith satellite irom the
user. In the GPS and other pseudoranging systems, the user osciilator
is not necesgsarily synchronized with system time.

If we assume that the user tracks the ranging signal perfectly and
that there are no other system biases, the apparent range p; to the ith satel-

lite is

p. =D, +cat_ =D, + B (A-3)
1 1 u 1 u

where c is the assumed speed of light and At is the time bias between the
user's oscillator and system time. However, there wiil in general be a
fairly well known bias in the satellite oscillator-derived time relative to
system time. Call this bias Bi' Then, the perfectly measured apparent

range p;, called a pseudorange, is given by

p, =D, +B_ +B, (A-4)

The fundamental uscr pseudoranging equation is obtained from
Eq. (A-2) and Eq. (A-4)

é'i-Ru-Bu='é'ioRi-pi+Bi; i=1,2,...,n (A-5)

Equation (A-5) summarizes the information on n satellites which is
required for the calculation of user position and time bias (ﬁu and B, The

n equations represented by Eq. (A-5) can be written in expanded matrix

form as
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This redundant system of n equations can be solved for the four unknowns
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represented by R_ and B_.
¥ u

It will be convenient to write Eq. (A-6) in a more ccmpact form as

where )—{u is the user position and time bias vector, S is the satellite position
and time bias vector, p is the n-vector of user pseudoranges, and the matrices
Gu and A are comprised of satellite-user line-of-sight direction cosines as
inferred from Eq. (A-6). Note that A S is an n-vector of the projections of

the satellite position vector S on to lines between the user and each it

satellite,

For convenience, represent the right-hand side of Eq. (A-7) by P

and then

Equation (A-8) is a system of n linear equations with four unknowns

(the elements of )_(u). The measurement vector p

G

. X =
“nx 4y Y4x1)

X = A
Yn X 4n)

u 3
G, %, =7

3
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measurement errors dee to ephemeris modeling, ionosphere modeling,
troposphere modeling, multipath, receiver noise, etc. All sources are
included. Then, if COV(§p™) represents the covariance matrix for the
n-vector of errors corresponding to the n-vector b‘*, the minimum vari-

ance unbiased estimate of }—{u is given by1

2 _[.T -1, -1 7 -1 %

X, -[ w COV (67 )Gu] G, COV " (6p7) P (A-9)
and the covariance of the corresponding error in the estimate of )—(u is given
by

-1
= [T %
cQav (‘5Xu) = [Gu COV(sp ™) Gu] (A-10)

“avaticr (A-0) gives the covariance of the errors in position and
time i‘,_':.u: thar a2 user would have if he accurately knew lis measurement
error .a ».ce [vepresented by COV(65™)] and he made n simultaneous (or
almost simultaneous; pseudorange measurements to n satellites. Thus, in
Eq. (A-10) COV(65*) reflects the instrumentation performance of the sys-
tem, whereas the factors G, and GE only reflect the geometry of the system.
Although there are some geometrical effects contained in COV(6';')'*) (the
effect of elevation angle on ionosphere modeling errors, for example), as
a good first approximation the geometric performance can be measured by
computing COV(6)_(u) in Eq. (A-10) with COV(6'§)'*) set equal ‘o the identity
matrix. This is a fundamental assumption in the calculation of GDOP. The

GDOP calculations are therefore defined by

; -1
= T
COV(6X ) - ( " Gu) (A-11)

iF’. B. Liebelt, An Introduction ts Optimal Estimation, Addison-Wesley,

1967.
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Then the various GDOPs are simply formed from the appropriate elements
of COV (bfu) obtained from Eq. (A-11).

X aeen At Ty

Depending upon the number of satellites seen, the following con- 1

ventions for calculation of the various GDOPs are used here:

Al FOUR OR MORE SATELLITES SEEN
The user solution includes the XYZ position and the user clock bias 3
X Y Z t }
!
o

11 T2 73 T14

21 722 723 724

[cTal! - - - ;
31 732 33 734 ;

41 42 %43 44 §

PDOP = j;Z + 0'2 + 0 :

X v 3

R L SO

. :

TDOP 'Jﬁt s

.

A.2 THREE SATELLITES SEEN ;

AU

The user solution includes the XYZ position when the user has a

perfect clock.
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The user solution includes the XY position and time bias when the user has a
perfect altimeter.

X Y ¢ :
%11 T2 Ty3 :
{
T24 722 723
%34 32 "33
;
5 :
HDOP = o+ ¢
3a Yy b,
:
2 i
P = é
TDO! 3a 0’t :
?
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A.3 TWO SATELLITES SEEN ¢
The user solution includee the XY position when the user has a ’
perfect clock and a perfect altirceter. '

X Y
o [+2
11 12

[cTal! = |, .
21 22

[ L L N, V. )

It turns out that the GDOP equation for COV [6(d‘:_:u/dt)], (velocity compo-
nents), is identical to Eq. (A-11).

DL Py Y T |
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B.1 ALGORITHMS ASSOCIATED WITH THE SATELLITE
SELECTION PROCESS

The selection of satellites which provide optimum navigation
performance over a specified time interval (At) requires that a simple form
of ephemerides or equivalent information for all satellites he stored in the
user computer. This could be in terms of the six classical orbit elements
(i, e, w, $, to’ T). 'The signal codes identifying all satellites must also
be stored.

In addition, based upon the present estimate of user position and/or
time, proper algorithms and other software to perform the selection process

must be available. These include:

a. Calculation of all satellite position vectors and velocity
vectors

b. Calculation of the user position vector

c. Calculation of unit vectors along the user-to-satellite

Jine of sight

d. Identification of the candidate population of satellites
which complies with the visibility criteria of being
above a given elzvation angle after a certain length
of time

e. Identification of the highest satellite in the sky and 21l
satellite combinations amongst the available population
(minus one satellite) taken three at a time, using the
highest in the sky to form the combinations of four

f. Calculation of the volume of the tetrahedron formed by
the four unit vecters to each satellite for all combina-
tions and the volurne rate of change

g Calculation of the mean geometric volume for all
combinations based upon the present time and some
future time

h. Selection logic to ensure that volumes do not have zero
value transitions during the time interval considered

i. A comparison of all volumes to identify the maximum
. mean volume for the satellite combination providing
the best navigaticn perfermance, the identity of the
four satellites, and the signal codes.

Po,o&,%/ 106, 107 3 108 gre ADadc
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Figure B-1 pro-ides a flow chart of the computation processes. For the
basic navigation determination process, many of the algorithms to perform
the akove computations are available in the user comgputer. A few are

described in more detail to acquaint the reader with the process.

B.2 ELEVATICN RATE OF CHANGE

Consider the vectors depicted below.

L
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R

VL s €. ) ﬂm‘w T LT T LR LS WL PP JNT Sy M, b JE ) w2 RTINS, VIR Yy SN

b onfendd e

;

Nt A K TN s e AN 3 SRS RN e

-110-

§ ..
aueteatiy v

- - e - e e
e A LIZ S et

PSR UROR R




$330D 1VYNOIS |

anNyv 531LILN3dl
31i71731YS 40

NOILYDIdILN3al |

MOTJ POYIOW UOIIOI[OG DII[03IeS

"1-g oandiyg

[IWILV 1V ¥ NIXVL
SNOILLYNIGWOD
TY ¥Q4 W/(T0A)P

[i0A) 31VINDTVD

INNTOA SNOIL YNIGWNOD
NVIN TV 304 INNT0A
WANIXWA ==1o14.13N039 NVIN
17313S 3LYINDTIVD
S31i1131VYS w_,
3 ‘NOILVA3"IS
38ISIA KNWIXVIN HLIM
4o ¥3annN [P 3117731VS
ININNILIA JEIEL]]
2 °
31vYd NOILYA3N] SHOLOIA L'NN
NO!LVA3T3 3LYINDTYD
3LYINDIYD

SHOLD3IA
ALVINDTIVD

€ ; (E-N)
N
WO2D

SNGILYNIE
» . ‘ u

|

SSLVAILS3
INIL ANY
NOILLV¥3OT

SLNINWNI3
ligdo
a3d0o4s

-1ii-




=

<

ol

al

From algebra,

!
{
b
|
|
i
i
5
i
|

Based upon the stored orbit elements and the estimate of user position

and time, the following vectors can be determined:

satellite position vector
satellite velocity vector
user position vector

satellite-to-user vector

By differentiation,

Ay mva

Koo

x0Tl B.0+5.9) - 5.9 BxT+ PxT)-3

unit vector of P X U.

where -e_b

Since by definition P equals zerc and U = - V, the elevation rate of change

|BxT|?

The allowable rate of change of elevation angle (a) for the time interval

At is simply determined from

R T BRSSPl St

at a At 25 deg

Ry
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Candidate satellites to be considered for the visibility population
statistics are, therefore, those satellites whose clevation angle a i‘.Eq. (B-l)]
and elevation rate & [Eq. (B-3)] satisfy the condition of Eq. (B-4).

B.3 UNIT VECTOR VOLUME

Consider the vectors depicted in Figure B-2a. Based upon the

previous calculation, the following vectors are known:

En satellite position vector

Vn satellite velocity vector

Tsn user pisition vector

Un user~to-satellite vector {LOS)
-én unit vector from user to satellite

All unit vectors by definition must be contained within the unit sphere
centered at the user location as depicted in Figure B-2b for any combination
of the four satellites taken from the population of visible satellites.

If lines arc drawn between the four unit vector points (Figure B-2b),
a tetrahedron is formed.

Deper.ding upon the directions of the unit vectors, the shape of this
tetrahedron may take many forms. As an example, the volume may be at
its maximum value when the three lower unit vectors are 120 deg apart, or
the volume will be zero when all four unit vectors lie in one plane.

It car be shown that there .s an extremely high corrclation between
the volume of the tetrahedron and GDOP.

Consider the vectors K, —ﬁ, and C defined in Figure B-2c. These
vectors can be obtained by the proper subtraction of the unit vectors ;i' -c-z,
ey €. As a consequence, the volume of the tetrahedron is found from

the triple scalar product of the vectors A, B, and C: i.c..
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Figure B-2, Unit Volume_ Vectors 1




[PV L Syt S Tty o XS S 5 2R R i st NI o iy SRR A AR AR e
* & IR AR A o 3 RN AR 123 v . N .

= EE-(_xE) (B-5)

By differentiation,

V=2T-EXB)+T-(AxB +C-(AxB) (B-6)
By definition it is known that
AR S (B-7)
n n n
and hence
(ﬁ.z)z |5, 5, =%, - B (B-8)
. n’ “n n| “n " “n
. Since -R-n = Vn (see Figure B-2a) and P = 0, 5
B
R AR :
e = o B-9 ¢
e ‘U I (B-9) ;
n :

e S,

1 oA

‘A, B and C can now be found by the proper subtraction of the unit

vector derivatives En (n=1, 2, 3, 4) and substituted into Eq. (B-9) from i
which the instantaneous rate of change of the unit vector volume can be :,
calculated. i
The volume (Vt) at some future time (t) can be found from the ij
present volume (Vo) by f
k]

V=V +V (t-t) (B-10) 4
t o 0 o) 4
:
]
:
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Hence the mean geometric volume (Vm) in this time interval is

P .

T R SV SN, O, (VU Vg | 3 P

U ‘
b—4 ——— —— - b3
V= Z(V + 5 (B-11)
o t‘_

Since negative and positive velumes are defined by Eq. (B-5), the simple |
logic

vV, V>0 (B-12)

ensures that zero volume transitions are not included in the selection
process comparing lel for all combinations.
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